Investigation
on Seismic Slope Stability Based on Pseudo-static Analysis SIMATUPANG Pintor Tua*) and OHTSUKA Satoru**) Abstract This study presents a numerical procedure by means of shakedown analysis to assess the seismic stability of slope based on the pseudo-static concept. The factor of safety was defined with the strength reduction coefficient as commonly employed in slope stability . The applicability of the numerical procedure was examined firstly to the static slope stability assessment through the comparison in factor of safety with the Taylor's friction circle method. It was clearly shown that the factors of safety of two methods were in good agreement and the proposed method assessed the static slope stability properly. Secondly, the seismic stability of slope was investigated in the frame of pseudo-static concept . The effect of earthquake load direction on the seismic stability was widely investigated for cohesive and frictional soils . The factor of safety obtained for the horizontal seismic coefficient was found to be close to the critical factor of safety in direction . Thirdly, the effect of repeated change in both direction and magnitude of earthquake load on the factor of safety was especially examined. It was found that the repeated change in earthquake load affected the seismic slope stability significantly, especially in the case of frictional soil. However, it was found that the factor of safety for the horizontal alternating load was close to that for the alternating load in every direction in the same way with the monotonic earthquake load. Keywords: seismic stability, repeated load, pseudo-static method , soil property
Introduction
The seismic stability of slopes has been investigated intensively in many years. The early investigation is referred to the pseudo-static analyses that have been applied extensively to the assessment of seismic slope stability against earthquakes. The pseudo-static analyses are simple since the earthquake load is represented by an inertia force which acts at the center of mass of a critical section of soil in limit equilibrium methods. Although the pseudo-static concept involves some drawbacks, its application to assessing the seismic stability of natural slope is still an alternative method from the viewpoint of engineering.
In the pseudo-static analyses, the stability of slopes can be assessed by means of the limit equilibrium principle (e. g., Spencer, 1978; Sarma, 1979; Prater, 1979; Koppula, 1984 and Leshchinsky and San, 1994) . The limit equilibrium methods generally require the possible failure modes of slope prior to the analysis. However, the failure mode of slope against the various inertia force in direction is not obvious and furthermore, the limit equilibrium methods with the use of slice method have the subjects to obtain the accurate factor of safety as the setting of slice patterns and the treatment of indeterminate slice forces.
The ground acceleration in earthquake is not monotonically increasing in one direction, but alternating in direction. In order to assess the seismic slope stability in more realistic manner, the seismic force should be treated in the same nature with the earthquake ground motion. This paper presents a numerical procedure by means of shakedown analysis to assess the seismic stability of slopes, where the factor of safety can be obtained as a limit reduction coefficient in shear strength in the same way with conventional methods.
The proposed method investigated the seismic stability of slope for both monotonous and alternating seismic loads.
Stability of Slopes by means of Shakedown Analysis
In shakedown analysis, the stability of elasto-plastic body can be directly assessed against the repeated loads that vary arbitrary in a prescribed domain. The shakedown term refers to a condition where the plastic deformation of the body ultimately ceases after the repeats of any load in the prescribed domain. In this condition, the failure by cyclic plastic deformation completely can be prevented.
The main feature of shakedown analysis is its superiority to involve the possible change of load direction in slope stability computation. In limit analysis, the stability of structure against an alternating load has been solved for the most dangerous load in the prescribed load. However, this way may not valid and the effect (1) where f denotes a yield function of soil. In shakedown analysis the stability of structure is defined against the prescribed load domain (Koiter, 1960) .
On the shakedown analysis, the failure criterion of structure is referred to whether the structure attains to be in shakedown condition or not. Since the stability of structure is reflected by the factor of safety, the value of which refers to the shakedown condition. If the factor of safety is less than one, the structure fails since the shakedown condition can not be attained.
Stability analysis with linear programming
The lower bound theorem in shakedown analysis falls into the maximization problem of the factor of safety. Maier (1969) (5) under the plane strain condition (Chen, 1975 
Static Slope Stability Analyses
Static slope stability analyses have been conducted by many investigators based on limit equilibrium principle with widespread methods as reported in many literatures. Nash (1987) presented a review on limit equilibrium method in the assessment of static slope stability and made a comparison among them. Chen (1975) conducted  the  upper  bound  calculation  based  on   the limit  analysis.  For  designs,  charts  and  tables  for determining  the  stability  of  simple  homogenous  earth   slopes  for  soils  with  cohesion  and  friction  have  been available for many years (e.g., Taylor, 1948 ; Janbu, 1967 and Chen, 1975 and Rc for each case. It means that the factor of safety for alternating horizontal earthquake load can be adjusted as the critical factor of safety for alternating earthquake load in all possible direction.
Conclusions
A new procedure has been considered for investigating the seismic stability of slopes based on the shakedown analysis in the frame of pseudo-static concept.
Through the numerical analyses presented, the followings can be concluded:
1. The factor of safety obtained from static analysis was compared to the Taylor's (1948) factor of safety for various conditions of geometry and soil parameters. The proposed method was shown to give fairly appropriate results with those of the Taylor's (1948) .
2. The effect of earthquake load direction on the slope stability was taken into consideration. The factor of safety configuration can be shown clearly in the varying direction. The least factor of safety for pos- 
